The application of fiber-reinforced polymer ͑FRP͒ technology to bridges can provide performance enhancements at a time when there is a large and growing need to replace aging bridges in the United States. However, construction costs are significantly higher than with traditional methods, and it is not clear if this technology can become competitive in the standard short-span bridge market. This study investigates current and future costs to determine how cost competitive this technology is likely to become, taking into account the expected improvements in manufacturing, transport, and installation, as well as life-cycle differences. Based on two demonstration FRP bridges and the learning curve approach, the results show that anticipated improvements would not be sufficient to compete on cost with reinforced-concrete bridges. Unless significant improvement also occurs in the cost of component material, this technology will not be cost competitive for the standard short-span bridge, and the application of FRP technology will be limited to other segments of the market, such as bridge deck construction and bridge repair.
Introduction
According to a study conducted by Federal Highway Administration ͑FHWA͒, as of August 2000 ͑AASHTO 2001͒, 29% of the 587,755 bridges in the United States were structurally deficient or functionally obsolete. Due to increases in federal bridge investment, the level of bridge deficiency has improved from the 31% reported in 1996. Yet even though federal bridge investments rose from $16.1 billion over seven years to a level of $20.4 billion over six years, the level of deficiency only decreased by 2%. This shows how expensive it will be to reduce significantly the level of deficient bridges. Deficient bridges include two basic types. Structurally deficient bridges are the ones that are closed or restricted to light vehicles only because of deteriorated structural components, and in 1998 this accounted for 16% of the nation's bridges. Functionally obsolete bridges, accounting for the other 13.6% of the inventory, are bridges that cannot safely service the volume or type of traffic using them. These bridges have older design features that prevent them from accommodating current traffic volumes with modern vehicle sizes and weights. Even though the situation has recently improved, there is still not enough funding to upgrade all the deficient bridges. It is estimated that $87.3 billion is required to eliminate the backlog of bridge needs or improve all the bridges that are currently deficient ͑AASHTO 2001͒. This represents an immense task that will consume vast national resources ͑Dunker and Rabbat 1993͒. In the context of this problem, advanced composites have the potential to provide another promising solution.
New technology options in bridge design are being developed from polymers, metals, ceramics, and composites of these materials, and some of these high performance materials are already being utilized in construction. Composites are comprised of several different basic components that together provide physical characteristics superior to what each can provide separately. While the concept of composites has been in existence for several millennia, the incorporation of fiber-reinforced polymers ͑FRP͒ is less than a century old. These composites combine the strength of the fibers with the stability of the polymer resins. They are defined as polymer matrices, either thermoset or thermoplastic, that are reinforced with fibers or other reinforcing material with a sufficient aspect ratio ͑length to thickness͒ to provide a discernible reinforcing function in one or more directions. These composites are different from traditional construction materials such as steel, aluminum, and concrete because they are anisotropic; i.e., the properties differ depending on the direction of the fibers. Because of the resulting benefits, FRP composite applications have revolutionized entire industries, including aerospace, marine, electrical, and transportation. In 1999, the Composites Institute of the Society of the Plastics Industry, Inc., reported that estimates of composite shipments in 1998 reached 1.68 million metric tons ͑Busel 2000͒. The distribution of their application is shown in Table 1 , and it highlights the wide range of industries in which it is competitive.
These products gain their superior characteristics from the component materials used. Their strength comes largely from the fibers, which are usually glass, carbon, or aramid fiber. Based on these advantages and a wide variety of practical applications, the composites industry has grown approximately 460% over the past 30 years, from 360,000 tons in 1970 to 1.68 million tons in 2000 ͑Busel 2000͒. As FRP composites are accepted in new markets, the composite industry is projected to continue its growth. One of the promising new markets is the construction industry, where the use of FRP products can provide the following benefits:
• Increase structure service life, • Reduce maintenance costs due to resistance to deicing salts and other corrosive agents, • Reduce field installation time due to engineered system packaging and light weight, • Reduce traffic delays due to faster construction, • Increase system reliability due to pre-engineered systems and corrosion resistance, and • Allow greater vehicular load on the same understructure due to weight reduction. Since an FRP deck with glass fiber weighs less than one half the weight of an equivalent reinforcedconcrete ͑RC͒ deck with a similar capacity, the same structure is able to support greater vehicular traffic. This is significant, since a 200-mm-thick RC deck weighs approximately 500 kg/m 2 . Due to these advantages, the FRP composite technology could be part of the solution to the national bridge problem. The composites could be used for the construction of an entire bridge structure, as a decking material to be supported by concrete or steel girders, or to rehabilitate current bridges. However, up to 1998, there had only been approximately 80 bridge projects using FRP composite materials in the world, and most were built within the last few years ͑Tang and Podolny 1998͒. As a new technology application, it is hampered by a lack of standards and experience, as well as high costs. The standards are being developed, but widespread deployment will not occur until there is more experience in their use and costs decrease.
In order to determine if the technology can become cost competitive, this study focuses on one of the potential applications, short-span FRP bridges. These small bridges, with a span of less than 10 m, represent over half of the bridging applications nationally and are critical to rural highways and city streets. This application takes advantage of the rapid installation of factorymanufactured bridges transported in a nearly complete form to the bridge site. New bridge construction is selected for this study, because cost data is available and because it appears to be a more severe test for financial viability than deck replacement, deck repair, or strengthening applications. If FRP is shown to be financially viable for the entire bridge superstructure, it should also be viable for decks and strengthening applications, because they use less material and still provide most of the benefits. This study evaluates the use of FRP materials as an alternative to conventional RC methods and compares the current and future costs. The actual costs of two prototype FRP bridges are used to extrapolate future bridge costs, assuming learning curve improvements in manufacturing, transport, and installation do occur. Also, the impact of improved FRP life-cycle behavior is considered. This article seeks to determine if current advanced composite materials are capable of supporting industrial production of short-span bridges that are cost competitive with traditional RC bridges.
Cost Analysis
There are several categories of cost that can be considered for analysis. These include construction costs, life-cycle costs, future cost estimates, and indirect or intangible costs. This cost analysis focuses on construction costs, because they reflect the largest costs in most bridges and are appropriate for a majority of the applications. These include material, component manufacturing, fabrication, assembly, shipment, installation, and testing. Lifecycle costs are also analyzed, because they reflect factors such as maintenance, inspection, repair, disposal, and replacement, which reflect an advantage for FRP bridges. This analysis also estimates future costs for the construction and life-cycle costs. Finally, indirect or intangible costs include aesthetics, disruption to the local community during construction, increased ability to withstand earthquakes, and the ability to incorporate health-monitoring sensors. These costs are discussed in general but are not explicitly included in this cost analysis, because their incremental values are usually determined by the specific circumstances of the application.
Bridges that use FRP are expected to have higher initial costs than traditional reinforced concrete bridges, due to the high cost of fiber and resins. However, the FRP bridges do provide clear life-cycle advantages that could make these bridges financially viable even if they do sustain an initial cost premium. This analysis estimates the cost of a Future FRP Bridge based on the current costs of two specific demonstration bridges and expected improvements in the manufacturing, transporting, and installation processes. The impact of these improvements can be estimated using the learning curve approach. The addition of life-cycle cost analysis can help quantify a justifiable premium for these bridges based on long-term benefits.
It should be noted that none of the costs described can be generalized and estimated with a great level of precision. Because the application of FRP technologies to bridges is in the introductory phase of the product life cycle, the practices and the related costs vary significantly. In addition, the demonstration bridges used to assess current costs were not designed for low cost. Instead, they were designed to prove specific concepts and allow for testing. In spite of these limitations, useful generalizations can be made and valuable insights can be gained from the analysis.
Learning Curve Approach
Learning curve theory predicts that, as experience builds up with the manufacture and assembly of products, the costs decrease in an exponential manner. As shown in Fig. 1 , typical costs start high due to lack of experience in its design and manufacturing. The steep initial drop in costs occurs when methods and material become more cost effective as the product matures. Over time, the large inefficiencies are removed from the process and the costs stabilize. As Nanda ͑1982͒ states, ''Empirical evidence gathered from a large cross section of manufacturing industries demonstrates that the resource input necessary to complete a unit of production will decrease by a constant percentage each time the production quantity is doubled.'' A product that has an 80% learning curve will have a 20% reduction in costs each time the production quantity is doubled. For example, if bridge fabrication costs average $1,000/m 2 after building 20 bridges and if these bridges are approximated by a 90% learning curve, the cost will approach $900/m 2 after building 40 bridges, and will drop to approximately $810/m 2 after 80. The first application of this theory was in the aeronautical industry, when T. P. Wright published the first article in 1936 that formulated the theory of learning curves. Initially it focused on the reduction of time required to fabricate airplanes. Wright suggested the following model:
where iϭproduction count, beginning with the first unit; y i ϭlabor hours required for the ith unit; aϭlabor hours required for the first unit; and bϭmeasure of the rate of reductions, where 0рbϽ1.
Over time the model has been applied in a broad range of industries and to costs as well as time. As the application becomes broader, the consistency and accuracy of the model does degrade, but it is still a very valuable production forecasting and management tool. For example, the price of the Model T Ford closely followed an 85% learning curve for over 14 years ͑Abernathy and Wayne 1974͒. However, once the market changed from one driven by costs to one driven by comfort, looks, and performance, the prices increased and departed from the learning curve forecasts. This reflects the fact that as the use of the tool becomes broader there are other factors, such as market forces, that can drive the prices and costs away from the learning curve forecast.
To apply the learning curve theory to FRP bridges, the costs can be segregated into two general groups: processes and materials. The first includes the manufacturing processes, quality control processes, design for manufacturability, design for assembly, transport methods, assembly methods, and equipment to manufacture, transport, and assemble the bridges. These are expected to improve greatly as learning occurs, since so little experience exists in these areas. The learning curve reduction for the material costs can be segregated into two cost drivers. The first cost driver is the improvement in costs due to better application of materials and reduction in scrap, which should be evident as learning occurs. The second cost driver is the cost of the material itself. However, since these materials have been utilized for years in other industries it has little room for cost reductions. A hypothesis that is tested in this article is that the components which would be used in FRP bridges have already been developed and utilized in other FRP applications and new ones are not required.
Case Studies
This cost analysis is based on the experience gained from two short-span all-composite bridge projects, which represent different levels of technological maturity. The first bridge is the Smart Composite Bridge, which is located on the University of Missouri-Rolla ͑UMR͒ campus. It is the result of a cooperative effort led by UMR with industry and government partners to explore a novel FRP approach for short-span bridges and to demonstrate FRP and sensing technology in a field laboratory for students. The design of the UMR Bridge is based on a conservative FRP-tube-based structure based on finite-element modeling and laboratory tests, and it emphasizes student involvement and experimental performance verification. The second bridge is the St. James Bridge, located on St. Francis Street in a residential area of St. James, Missouri. It is a technology demonstration effort in which UMR is also serving as a contractor for the city of St. James. The manufacturing and installation of the bridge was awarded through a bidding process to Kansas Structural Composites, Inc., a for-profit company specializing in this emerging area of FRP bridges. This bridge uses an approach based on an FRPhoneycomb panel that is customized for the application. Based on these two bridges, a cost estimate is generated for the Future Bridge that assumes the FRP bridge industry has already matured and the manufacturer of this bridge is experienced and has considerable production. The bridge components are built in a factory, shipped to the site, and assembled with minimal on-site disruption of traffic. The estimated costs associated with this bridge are based on the consensus of a group of industry experts ͑Mayo, The actual construction costs for the demonstration FRP bridges is used to generate the cost for the Future Bridge. In turn, this Future Bridge is compared with the estimated costs of a traditional RC short-span bridge. This comparison provides the major lessons from this exercise. The assumed bridge surface area is approximately 100 m 2 . These costs include the superstructure, but not the abutments. Since the RC approach uses a mature technology, no significant learning-curve impact is expected. In addition to initial construction costs, life-cycle costs that include maintenance, inspections, and disposal are used for an equitable comparison, and these additional costs are analyzed in the LifeCycle Cost section. 
Smart Composite Bridge on UMR Campus
The UMR Bridge is an experimental demonstration project that was installed in the fall of 2000. It represents the first allcomposite highway-rated bridge in Missouri. As shown in Fig. 2 , it is in a pedestrian setting, but it is designed for an AASHTO HS20 highway load rating with a safety factor of three ͑Molander 2001; Watkins and Hall 2001͒ . The target performance is a midspan deflection less than the length divided by 800 under maximum loading ͑AASHTO 1996͒. The design and testing of the bridge were supplemented by load-to-failure and fatigue testing of laboratory specimens ͑Kumar 2000͒. Tests showed that the structure greatly exceeds design specifications for midspan deflection.
The bridge is approximately 9.1 m ͑30 ft͒ long by 2.8 m ͑9 ft͒ wide ͑25.5 m 2 or 274 ft 2 ͒ and consists of a modular assembly of pultruded 76-mm-square FRP tubes. The bonded assembly consists of alternating layers of tubes running longitudinally and transverse to the span length. The top two layers and bottom two layers are continuous and the intermediate layers are limited to four webs for material savings. Carbon/vinyl-ester tubes are used in the top and bottom layers. Lower-cost, lower-stiffness glass/ vinyl-ester tubes are used elsewhere for economy. A thin polymer concrete wear surface and an FRP railing complete the structure. Also, a fiber optic sensor network is incorporated for long-term in situ monitoring of flexure strain, shear strain, and temperature.
The bridge was manufactured at the Lemay Center for Composite Technologies as part of an effort in technology transfer of composites manufacturing. This bridge was developed as a prototype for experimentation and demonstration and was not designed to minimize cost. For example, carbon fiber was used in the design, adding additional costs, and the size of the pultruded tubes was based on available tooling, since the estimated $10,000 cost of new tooling was not warranted for only one bridge. The process development also consumed more material than would normally be required, increasing further the material cost. However, since this background effort was beneficial to the Center, most of the overhead costs were kept by the Center and not charged to the bridge, lowering some of the costs. The installations costs for this bridge were not captured, because many of the tasks were contributed by local businesses. Therefore, to make the cost estimate more complete, the installation costs for the St. James Bridge were used. Table 2 lists the manufacturing and installation costs in the second column, which can be compared with the information for the St. James Bridge in the third column.
St. James Bridge
The St. James Bridge represents a customized, commercial bridge. It was installed in November 2000, in St. Francis Street, a residential area of St. James, Missouri, with limited truck traffic, designed to comply with AASHTO HS20. The bridge is shown in Fig. 3 during the initial service load test demonstrating the desired deflection performance. This test will be repeated during a threeyear study for durability assessment. Laboratory testing was also performed to determine loading and durability characteristics ͑Stone et al. St. James Bridge costs were used to allow for comparison. Fig. 3 . All-composite bridge in city of St. James, Mo.
four self-supporting FRP honeycomb sandwich panels, which are 600 mm thick. The panels have glass FRP faces and a corrugated glass FRP core. A 9.5 mm polymer concrete wear surface and a network of fiber-optic strain sensors are also incorporated in the structure. This all-composite bridge was part of a larger project including three other bridges that used other FRP designs and are not part of this analysis. This bridge was manufactured and installed by a commercial company that was experienced with FRP bridges. It consequently had considerably lower costs than the UMR Bridge, but it still reflects custom and low-volume processes with little automation and significant scrap. The costs are summarized in the third column of Table 2 . The material costs were much lower than for the UMR Bridge, based on their experience and a design that was more focused towards cost efficiency. The manufacturing process was labor intensive and the manufacturing overhead was concentrated in a low volume operation, generating higher costs than would be expected if the technology were more mature. Corporate overhead reflects costs associated with the application of this technology to bridges, which is new and includes a high percentage of ''new technology introduction costs'' ͑Ehlen and Marshall 1996͒. These costs include product and process research and testing and design of new materials. Once efficient standardized processes and skill sets are established, these costs should decrease and become more competitive with the conventional methods. It also incorporates a factor for unexpected costs. Consequently, corporate overhead is higher in the early introductory phases than later in the product life cycle.
Future Bridge
The Future Bridge represents the estimated costs for a bridge similar to the St. James Bridge, associated with a mature level of product development. The assumptions are based on a scenario in which the industry has already built 1,000 similar bridges and the hypothetical factory is building 100 bridges per year. Reasonable automation and associated cost reductions are included, because the volume supports them and there has been sufficient time to achieve for efficient processes. These estimates do not assume any particular materials or processes, but they reflect the state of the industry based on current technology and trends. To avoid the necessity of inflation factors, real ͑indexed to the year 2000͒ costs are used. The forecast uses the St. James Bridge costs reduced by appropriate percentages to account for improvements in materials, processes, and overall efficiencies. These costs are shown in the fourth column of Table 2 . The fifth column, ''Percent Change,'' displays the cost decreases that were used to reduce the St. James bridge costs for material, labor, overhead, shipping, and installation. It also shows the resulting reductions to the total material, total factory, installed factory, and total direct costs. The total direct cost for Future Bridge is approximately $740/m 2 , which reflects a 35% reduction from the St. James Bridge.
The percentage change to the specific costs varies depending on the level of learning expected. There is considerable material waste in the manufacturing process during the introduction phase of the product life cycle. Since the St. James Bridge is the introduction phase for this technology, the waste factor is assumed to decrease by 20%, and this accounts for the entire reduction in fiber and resin cost. The cost per pound of these composites is assumed to stay constant, since the material itself is assumed to have already reached maturity and no new material development is assumed, based on discussions with industry experts ͑Emmons, personal communication, 2000; Plunkett, personal communication, 2000; Witcher, personal communication, 2000͒. They do not expect cost reductions in these materials, since a considerable production history has already decreased the costs consistent with the learning curve. For example, glass fiber, which is the most common fiber in FRP applications, has seen a slight decrease in costs over the last 18 years ͑Golemba, personal communication, 2001͒. This supports the idea that these fibers have already benefited from most of the learning curve impact. In addition, the production of these materials is energy intensive, and a decrease in energy costs is not expected in the near term. Standardized pultruded components will decrease at a faster rate ͑25%͒, since greater cost savings should be available due to their volume. Other materials represent standard hardware that has limited opportunity for cost reduction and is reduced by 5% due to more efficient designs. These assumptions result in an overall 21% material cost reduction.
Material handling costs should decrease from 7 to 5% due to increased standardization of parts and suppliers. The higher national production also allows for efficient placement of the manufacturing facilities and distribution centers as well as simplified purchasing and material testing. Significant labor savings are expected, because better methods and equipment will be used. As a result, it is assumed that labor costs per bridge should decrease by 60%. This reflects a 90% learning curve, which is reasonable, since Cochran ͑1982͒ measured learning curves ranging from 82 to 94% depending on the operation. Manufacturing overhead should also decrease significantly. The reduction of manufacturing overhead is estimated at 40%, which reflects a 93% learning curve. This is an aggressive reduction, because automation will increase the depreciation cost of the fixed assets and more complex systems will be required to maintain quality and material control. Shipping costs are reduced by 10% due to more efficient shipping methods. The bridges will probably have modular design so that they can be efficiently shipped. Trucks can also be developed with custom setups to facilitate the shipment and handling. Installation costs would be reduced by 40% due to better modularization, fixtures, and assembly methods. Corporate overhead rate would be reduced from 33 to 25% due to a higher level of competition, reduction of business risk, and increased volume to spread out the overhead costs.
Cost Comparisons with Traditional Methods
Comparable costs for standard cast-in-place reinforced concrete ͑RC͒ bridges are provided in Table 3 it was developed primarily as a prototype for ongoing experimentation and process development. The St. James Bridge cost approximately $1,150/m 2 ͑$107/ft 2 ͒ and was still produced as a prototype, but with increased emphasis on cost. The Future Bridge reduces the cost to approximately $740/m 2 ͑$70/ft 2 ͒, but it is still 71% higher than the traditional RC bridge. This large gap in the initial cost is a strong deterrent to additional deployment of FRP bridges, since bridge building funds are usually very limited.
Life-Cycle Costs
There are costs beyond the initial construction costs that should be considered. The life-cycle cost ͑LCC͒ approach takes into account future costs such as maintenance, disposal, and replacement costs that can vary significantly. However, several assumptions must be made to assess the impact of these factors. As compared with the disposal of conventional bridges, the disposal cost for FRP bridges is expected to be lower, since their components are lighter, can be designed in modules, and have more options for disassembly. Since the components of FRP bridges do not corrode, they are also expected to last longer. The life-cycle cost can also provide some indication of the additional value that can be created if this were true. For this analysis, it is assumed that FRP bridges will last 60 years, compared with a more standard life of 40 years for RC bridges ͓North Carolina Department of Transportation ͑NCDOT͒ standards͔. The analysis encompasses a period of 120 years in which two FRP bridges or three RC bridges are Combining both effects, longer life and easier disposal, the life-cycle analysis provides an $88/m 2 advantage, which is significant, but not enough to eliminate the $222/m 2 cost premium that remains. It is expected that the FRP bridges should have lower maintenance and repair costs, since they are more corrosion resistant. However, this was not factored in the analysis, because the impact would be small, approximately 1% of the construction cost, and the cost reduction might not occur. For example, even though it might be more durable and easier to repair, it might also be more difficult to inspect, since much of the FRP deck system is enclosed and less accessible for visual inspection. Sophisticated nondestructive evaluation/testing devices and fiber-optic sensors might be needed to monitor in-service condition of the bridge deck ͑Tang and Podolny 1998͒.
Conclusions
The original research question was: ''Are the advanced composite materials capable of supporting industrial production of shortspan bridges that are cost competitive with traditional RC bridges?'' The answer is: ''Probably not.'' Current FRP bridges are still in the prototype stage, with very inefficient processes, that generate excessive waste and high costs. However, it is clear that, even though there are considerable opportunities to improve on those processes and reduce costs, the construction costs will still be significantly higher than conventional methods. Life-cycle cost analysis helps to bridge the gap by quantifying some of the benefits that are often considered intangible. However, even assuming a mature volume manufacturing process and longer bridge life, the life-cycle cost of FRP bridges is still 39% higher than the life-cycle cost of comparable conventional RC bridges. There are other significant intangible benefits that have not been considered, such as the increased load-carrying capacities due to the lower weight of the composite components, decreased interference on users of the bridge due to faster replacement, and decreased risk of damage due to earthquakes. These intangible benefits as well as others that apply in specific situations warrant a price premium for FRP bridges. However, agencies that build bridges are often bound to competitive bidding for vendor selection, and it is difficult to take into account these intangible benefits that are provided by FRP bridges. Therefore, unless the material component of cost in FRP bridges were to decrease faster than the assumptions in this study, the small FRP Bridge will not be cost competitive in the general case. Table 2 , column 4, shows that material costs account for $384/m 2 , which represents 52% of the total Future Bridge cost. This is almost as much as the $430/m 2 total cost for conventional bridges. In order for FRP bridge costs to approach those of conventional bridges, the material cost must be reduced significantly. However, the study assumed there would be no reduction on a cost per kilogram basis for fiber or resin, because current materials have already experienced the major learning curve gains. This shows that there is a need for research efforts to develop more cost-effective material. For example, material that requires less energy for its production, or component combinations that utilize lower cost material, can be developed. These improvements are required to enable short-span FRP bridges to be cost competitive and lead towards the acceptance of this technology by the mainstream construction industry.
Until these radical changes occur, FRP bridges will be limited to those applications in which intangible benefits provide sufficient justification to justify the cost premium. An area of opportunity is the application of FRP components in combination with traditional material. For example, bridges can be designed with traditional materials except for the decks that can be premanufactured from FRP. In these situations a large portion of the benefits can be obtained while paying only a portion of the cost premium. Similarly, FRP provides many benefits in the area of bridge rehabilitation, since FRP is used only on those areas that are needed, limiting the quantity of the costly materials. Another advantage in this application is that traditional rehabilitation techniques are often much more complex and expensive. For example, the additional material cost of FRP column wraps is more than compensated by the elimination of steel jacketing, since they are so difficult to utilize ͑Hastak and Halpin 2000͒.
This analysis shows that, for standard short-span bridges, total FRP designs are not going to be financially viable unless there are specific intangible benefits to justify the premium, or new lowcost materials that significantly lower the material cost. However, these findings do not preclude the financial viability of other FRP bridge applications.
